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1. SUMMARY 

This report  describes a theore t ica l ,  mathematical modeling study of the  gamna- 

ray  sca t te r ing  technique fo r  measuring atmospheric density.  

derived which describes the  response of t h i s  technique i n  a cy l indr ica l ly  symmetrical 

geometry l i k e  tha t  used to date  i n  prototype gauges flown i n  Nike-Apache vehicles.  

Two other models w e r e  derived t o  describe the  response of a gauge of t h i s  type i n  

a steel w a l l  vacuum sphere and t h e  response t o  gamma-ray streaming down the  rocket 

w a l l s .  

ness. 

A basic  model was 

An exis t ing  Monte Carlo calculat ion was used t o  ca lcu la te  shield effect ive-  

The predicted gauge response was l i nea r  with atmospheric density,  independent 

of atmospheric composition if gamma-ray energies la rger  than 0.1 Mev a r e  employed, 

effected by atmospheric density a s  f a r  as 10 meters from the  rocket,  and independent 

of shock wave densi ty  perturbations t h a t  a r e  l i k e l y  t o  be encountered, 

s e n s i t i v i t y  of t he  gauge is a t  a maximum f o r  a i r  a t  a gama-ray energy of .038 M w  

The 

and depends on t h e  reciprocal  of the source-to-detector distance.  

The s igni f icant  problems ident i f ied are: (1) inaccurate ca l ib ra t ion  technique, 

(2) a high background response due t o  gamma-ray streaming down the  rocket w a l l ,  and 

(3) a dependence on atmospheric composition i f  ganma-ray energies l e s s  than 0.1 Mev 

are used. The shield effectiveness was found t o  be adequate. 

A ca l ib ra t ion  technique involving the  use of t he  present models with ca l ib ra t ion  

da ta  taken i n  two spheres of d i f fe ren t  s i zes  i s  suggested. 
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2. INTRODUCTION 

The g a m - r a y  sca t t e r ing  technique shows promise of being ab le  t o  determine the  

I n  t h i s  connection it has several atmospheric densi ty  surrounding a space vehicle.  

major advantages over most other  possible techniques. These include: (1) f a s t  

response t i m e ,  (2) t he  source and detect ion equipment necessary can be in s t a l l ed  

e n t i r e l y  within t h e  space vehicle ,  (3) la rge  e f f ec t ive  sample volume, (4) l i nea r  

response i n  the densi ty  region of i n t e re s t ,  and (5) the  response can be made t o  be 

es s ent i a  11 y independent of t h e  atmospheric composition. 

Some f e a s i b i l i t y  work t o  the  prototype phase has been funded t o  demonstrate t he  

use of t h i s  technique t o  measure the atmospheric density of t he  Earth a t  various 

a l t i t udes .  Several problem areas  have become apparent i n  the  tests of these 

prototypes. (1) an unpredicted high background 

response of unknown origin,  (2) the lack of an accurate ca l ib ra t ion  method, and 

(3) the  general lack of a theore t ica l  treatment of t he  technique which would allow 

t h e  optimum design of an instrument. 

Some of these problems are: 

I n  the  present program we have undertaken a theore t ica l ,  mathematical modeling 

treatment of t he  gamma-ray sca t te r ing  technique fo r  measuring the  atmospheric 

densi ty  surrounding cone-shaped rockets. 

i n  which a source, a conical shield,  and a cy l indr ica l  s c i n t i l l a t i o n  detector  a r e  

mounted on the  major ax i s  ins ide  a cone-shaped rocket. 

problem areas  l i s t e d  i n  the  previous paragraph. 

ident i f ied  by the  Work Statement are: (1) atmospheric composition var ia t ion ,  

(2) atmospheric densi ty  var ia t ion ,  (3) container composition and thickness e f f ec t s ,  

(4) source energy and placement e f fec ts ,  and (5) ca l ib ra t ion  correct ions and shield- 

ing effect iveness  t o  include analysis of t yp ica l  X-ray backscatter payload data.  On 

t he  bas i s  of our r e s u l t s  we are t o  ind ica te  the  areas  i n  which problems may arise i f  

t he  gamma-ray sca t te r ing  technique is t o  be used on a Mars Probe and s h a l l  suggest 

po ten t ia l  means of solving these problems. 

I n  par t icu lar  we have considered t h e  case 

Our! purpose i s  t o  study t h e  

The spec i f ic  problem areas 
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3 .  SYMBOLS 

A 

a 

al 

2 

b 

a 

d 

di 

dl 

D 

E 

E 
h 

i 

K 

n 

R 

RS 

Ra 

%S 

%SS 

r 

a r 

r max 
r 

r 

0 

s 

atomic weight of an element 

a constant 

slope of the  rocket w a l l  

in tercept  of rocket wall 

a constant 

source- t o-d e t  ec t or distance 

detect  or diameter 

detector  length 

f rac t iona l  number of gamna rays of a c e r t a i n  energy and d i r ec t ion  

gama-ray energy 

e f f ec t ive  g a m - r a y  energy 

Planck’ s constant 

subscript  t ha t  r e fe r s  t o  a par t icu lar  element 

a constant 

t o t a l  number of elements i n  the  atmosphere 

probabi l i t i es  t h a t  are per t inent  t o  par t icu lar  pa r t s  of a g a m -  
ray path 

gauge response 

gauge response inside a ca l ib ra t ion  sphere 

gauge response t o  atmospheric s ca t t e r ing  

gauge response t o  gamma rays tha t  penetrate  the shield 

gauge response t o  ganuoa rays tha t  stream down the  rocket wall 

dis tance from source t o  a sca t te r ing  point i n  t h e  atmosphere 

dis tance through atmosphere 

maxim distance of model in tegra t ion  

c l a s s i ca l  radius of e lec t ron  

dis tance through shock wave 
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r 
W 

TmaX 

P 

V 

(9 

P 

cr 

r 

e 

distance through wa 11 

maximum energy imparted t o  an e lec t ron  by a Compton sca t t e r ing  
in te rac t ion  with a gannna ray 

rocket w a l l  thickness 

weight f r ac t ion  of an element 

horizontal  dis tance from source t o  e f f ec t ive  in te rac t ion  point 

v e r t i c a l  dis tance from source t o  e f f ec t ive  in t e rac t ion  point 

atomic number of an element 

Greek Let te rs  - 

r a t i o  of gama-ray energy divided by the  rest-mass energy of an 
electron 

t o t a l  a t tenuat ion coef f ic ien t  

wave length of gamma ray 

angle between path of gamma ray  and cent ra l  ax is  of rocket 

density 

Compton sca t te r ing  coef f ic ien t  

photoelectric e f fec t  coef f ic ien t  

angle of gamma-ray s c a t t e r  
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4 .  DERIVATION OF MATHEMATICAL MODELS 

In the course of this study a mathematical model was used for general study of 

the gamma-ray scattering principle for measuring atmospheric density. This model 

was modified for studying the specific problems of calibration in spheres and the 

streaming of gamma rays down the rocket wall. 

treatment was used to determine the shield effectiveness. The derivations of the 

first three models and a summary description of the last are included in this 

section. 

In addition an existing Monte Carlo 

4.1 Model of Gamma-Ray Scattering Principle for Measuring Atmospheric Density 

A mathematical model of the gam-ray scattering principle for measuring 

atmospheric density has been derived which treats the case of single gamma-ray 

scattering in a geometry which is symmetrical about the axis of the gama-ray 

source and detector (cylindrically symmetrical). Refer to Fig. 1 for a schematic 

drawing and the coordinates of the system treated. This model essentially consists 

of mutually-exclusive probabilities that describe separate parts of the path of any 

gama ray that is emitted from the source, scattered by the surrounding atmosphere 

toward the detector, and is detected. The product of these separate probabilities 

integrated over the total volume of interaction represents the response of the gamma- 

ray gauge. Spherical coordinates with origin at the source are used throughout. 

The first probability P1 is that a gama ray is emitted within a differential 

angle d+ at a mean angle + from the source-detector axis and reaches the distance 
r without being attenuated. 

(4.1- 1) 

where I+ is the angle between the direction of the gamma-ray and the axis 

of the source and detector, in radians, 
-1 

p is the attenuation coefficient, in cm , 
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and r is the distance from the source, in cm. 

The attenuation coefficient for a given material is the sum of the total Compton 

scattering probability and the photoelectric effect probability. 

for pair production is not considered since this probability is negligible for 

gama-ray energies less than about 2 MeV. 

The probability 

-1 
p = ( T + T  cm (4.1-2) 

where u is the total Compton scattering probability, in cm -1 , 

and 'I is the photoelectric effect probability, in cm-'. 

The total Compton scattering probability is given by: 

i=n 

i=l 

-1 
(T = ueNp C wiZi/Ai cm (4.1-3) 

where u is the total Compton scattering probability per electron, in 

cm /electron, 

e 
2 

23 N is Avogadro's Number, 6.025 X 10 atoms/g-atom, 
3 

p is the density, in g/cm , 

i w 

2. is the atomic number of element i, 

A is the atomic weight of element i, 

is the weight fraction of element i, 

1 

i 
and n is the total number of elements. 

The total Compton scattering probability per electron is given by Evans(1) as: 

(4.1-4) 

- 13 where ro is the classical electron radius, 2.818 x 10 

and 

cm, 

CY is the gama-ray energy in Mev divided by the rest-mass energy of 
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. 
an e lec t ron  (.511 Mev). 

The photoelectr ic  e f f ec t  probabi l i ty  i s  given by: 

i=n 

i=l 

-1 
r = Np C wirai/Ai cm (4.1-5) 

where Tai i s  t h e  photoelectr ic  e f f ec t  p robabi l i ty  per atom of element i 
2 

f o r  a gamma ray of a given energy, i n  cm /atom. 

(1)) The photoelectr ic  e f f e c t  probabi l i ty  per atom can be approximated (c.f. Evans 

f o r  any element a t  any gaaana-ray energy by the  empirical re la t ion :  

K Zia 2 cm /atom -- - 
'ai Eb 

(4.1-6) 

where K, a, and b are empirical constants,  

and E i s  the  gamma-ray energy, i n  Mev. 

The constant a i s  i n  the  range from 4.2 t o  4.6 while b i s  about 3.5. 

(4.1-6) i s  subst i tuted i n t o  Eq. (4.1-5) t o  give: 

Equation 

i=n -1 
'F = C WiZ:/AI cm 

E i=l 
(4.1-7) 

The a t tenuat ion  of the gamma-ray beam t o  the  point r cons is t s  of t he  

a t tenuat ion  through the  wall ,  t h e  a t tenuat ion through a shock wave, and the  

a t tenuat ion  through the  atmosphere. I f  t he  f rac t iona l  par t  of t he  dis tance r and 

t h e  densi ty  and the  composition are known for each of these  th ree  media, then the  

exponential term i n  Eq. (4.1-1) can be calculated from: 

where w r e f e r s  t o  the  rocket w a l l ,  

s r e f e r s  t o  the  shock wave, 

a r e f e r s  t o  the  atmosphere proper. and 
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The second probabi l i ty  P i s  tha t  the gamma ray  reaching the  point a t  r 2 

1 and i s  scat tered from within the d i f f e r e n t i a l  d i s tance  d r  between angles 8 

and 8 t o  in te rsec t  the detector .  2 

where (T (8 ) i s  the in tegra l  of the d i f f e r e n t i a l  Compton sca t t e r ing  
e 1  

2 probabi l i ty  p e r  e lec t ron  from 8 = 0 t o  8 = el, i n  cm /electron,  

S i s  the radius of the c i r c l e  formed by ro ta t ion  of s 
X 

extended s o  t h a t  i t  in t e r sec t s  the de tec tor  about the l i n e  

r a t  the angle (e1 + e2)/2,  i n  cm,  

d i s  the  length of the c i r c l e  circumference formed by 
X 

and 

ro ta t ion  of S t ha t  i s  intercepted by the de tec tor ,  i n  cm. 
X 

(l)) when - 8 i s  small The term [ue(6,) - u (e ) ]  i s  approximated w e l l  (c.f. Evans 

by : 

2 e 2  

2 2 2 
[ue(8,) - ue(Q2)] = nr', sin8a(hv'/hvo) [hv'/hvo + hvo/hv' - s i n  €3 a ](e; - 8 2 )cm /electron 

(4.1- 10) 

where 8 is the average angle (e1 + e2)/2,  
a 

hv is the  o r ig ina l  energy of the gamma ray, i n  MeV,  
0 

and hv' i s  the energy of the gamma ray a f t e r  i t  i s  sca t te red  through 

the angle (6,. + 6 ) / 2 ,  i n  MeV. 2 

must be found by f i r s t  obtaining the point on the detector  a t  The terms dx and S 

which the l i n e  s forms a tangent with the de tec tor  surface as it i s  ro ta ted  about r. 
X 

The third probabi l i ty  P i s  tha t  the g a m - r a y  beam described by 

P i s  not attenuated before it  reaches the detector .  Since the gamma rays i n  t h i s  

beam have been scat tered,  the at tenuat ion coef f ic ien t  must be t h a t  fo r  the scat tered energy. 

3 

2 
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. 

where p' i s  t h e  attenuation coef f ic ien t  f o r  t h e  gamma ray  scat tered a t  

, -1 angle (e1 + e2)/2, in cm 

and s i s  t h e  d is tance  from the  point a t  r and 9 t o  t he  top  center  of 

t h e  detector ,  i n  cm. 

The energy of t h e  scat tered gama ray (c.f. Evans (I)) is  obtained from t h e  re la t ion :  

The at tenuat ion coef f ic ien t  p' is then obtained a s  was p from Eqs. (4.1-2) through 

(4.1-8). 

The fourth and f i n a l  probabi l i ty  P4 is t he  detector  eff ic iency or t he  

probabi l i ty  that the  gamna ray which in te rcepts  t h e  detector  w i l l  give rise t o  a 

measured pulse. 

t he  gamna-ray energy, and the  discriminator s e t t i ngs  on t h e  e lec t ronics  used t o  

process t h e  pulses from the  detector.  

s e t t i ngs ,  P4 i s  given by: 

This probabi l i ty  i s  a function of t h e  de tec tor  s i z e  and material, 

For a given detector  with fixed discriminator 

p4 = f (E)  (4.1- 13) 

where f(E) is a function of t he  g m - r a y  energy. 

Since t h e  primary in t e re s t  i n  t h i s  program is  i n  t h e  use of s c i n t i l l a t i n g  

c r y s t a l s  fo r  detect ion,  a generalized form of f @ )  w a s  derived f o r  t h i s  case. 

S c i n t i l l a t i n g  c rys t a l s  convert t o  a pulse of l i g h t  a proportional amount of t h a t  

energy from a gamma-ray in te rac t ion  tha t  i s  imparted t o  the  par t ic ipa t ing  electron. 

Both the  photoelectr ic  e f f e c t  in te rac t ion  which imparts a l l  of t h e  gamma-ray energy 

t o  an e lec t ron  and the  Compton sca t te r ing  in t e rac t ion  (or mult iple  Compton sca t te r ing  

interact ions)  which can impart any energy up t o  a maximum d ic ta ted  by the  or ig ina l  

9 



energy of t h e  gama ray can occur i n  any s ing le  i n t e r a c t i o n  of a gamma ray with a 

s c i n t i l l a t i n g  c rys t a l .  

converted t o  voltage pulses (pulse-height spectrum) from a monoenergetic source of 

gama rays interact ing with a s c i n t i l l a t i n g  c r y s t a l  i s  shown i n  Fig. 2. 

peak and Compton continuum are iden t i f i ed .  

t h e  number of gamma rays t h a t  intercepted t h e  detector  i s  t h e  t o t a l  eff ic iency Et 

of t h e  c r y s t a l  for t h e  pa r t i cu la r  gamma-ray energy i l l u s t r a t e d .  

t h e  t o t a l  area i n  t h e  photopeak i s  cal led t h e  photofraction, denoted F These 

A t yp ica l  spectrum of t h e  l i g h t  pulses t h a t  have been 

The photo- 

The area under t h i s  curve d iv ided  by 

The f r a c t i o n  of 

P' 
(2) parameters a s  a f r ac t ion  of gama-ray energy were taken from t h e  book by Crouthamel . 

For the  present purpose the shape of t h e  photopeak i s  taken a s  a normal 

(or Gaussian) d i s t r ibu t ion  with a standard deviation t h a t  can be chosen t o  f i t  t h e  

c r y s t a l  being used, while t h a t  under the  Compton continuum i s  taken as a rectangular 

d i s t r i b u t i o n  with an upper l i m i t  of t h e  maximum energy t h a t  can be imparted t o  an 

electron by a g a m  ray of t h e  energy employed i n  one Compton sca t t e r ing  interact ion.  

This maximum electron energy T (c.f. Evans(1)) i s  given by: 
W X  

2 - -  2 olv - 
Tmax 0.511 1 2hV (4.1- 14) 

Data i s  avai lable  i n  t h e  l i terature")  fo r  t o t a l  e f f i c i enc ie s  and photo- 

f r ac t ions  a s  a function of c r y s t a l  s i ze ,  c r y s t a l  material ,  and g a m - r a y  energy. 

With t h i s  data  one can ca l cu la t e  t h e  eff ic iency f o r  a given c r y s t a l  operated between 

any two energy-discrimination levels f o r  any gamma-ray energy by using t h e  assumptions 

made about t h e  shape of t h e  pulse-height spectrum i n  t h e  previous paragraph. 

The response of t h e  gamma-ray gauge per source d i s in t eg ra t ion  i s  given by: 

(4.1- 15) = J  p1p2p3p4 

r 4  
Equation (4.1-15) was evaluated from r = o t o  r = r and from 4 = +min t o  4 = +mx maX 
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by a computer-programed, f ini te-difference integrat ion.  About 1000 increments of 

equal size w e r e  taken t o  insure an accurate  solut ion.  

of Eq. (4.1-15) is: 

The f ini te-difference form 

(4.1- 16) 

where i r e f e r s  t o  a mean value of + i n  each A 4 increment, 

and j r e f e r s  t o  a mean value of r i n  each A T  increment. 

I n  addi t ion t o  t h e  gauge response, the  f i r s t  moments about t he  source of 

t h e  contr ibut ion from each volume increment w e r e  taken a s  functions of the x and y 

distances  from t h e  o r ig in  and t h e  energy of the  detected gamma ray. 

i n  f in i te -d i f fe rence  form are: 

These r e l a t ions  

These calculated f i r s t  moments should be ind ica t ive  of t he  e f f ec t ive  

center of in te rac t ion  in  the  atmosphere and t h e  e f f ec t ive  energy being detected. 

The major assumption made i n  the  der ivat ion of t h i s  model i s  tha t  only the  

In t h e  present case t h i s  appears t o  s ing le  sca t te r ing  of gamma rays i s  considered. 

be j u s t i f i a b l e  on the  basis t h a t  t h e  number of re laxat ion lengths encountered i n  the  

gamma-ray t ransport  i s  small and the “geometry factors“  are “good.“ W e  predict  t h a t  

99% of a l l  t he  i n i t i a l  gamma-ray interact ions tha t  contr ibute  t o  t h e  response of t h e  

gauge occur within 10 meters of the detector .  

number of re laxat ion lengths fo r  a 0.100 M e v  gamma ray  a t  a dis tance of 10 meters i s  

0.20. 

3 A t  a densi ty  of 0.00129 g/cm t h e  

Assuming tha t  the  slope of the buildup fac tor  versus re laxat ion length f o r  a 

11 
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0.1 MeV gama ray i n  a i r  i s  a s  much a s  2,  t h e  maximum e r r o r  introduced a t  t h i s  

extreme dis tance by mult iple-scat ter ing events i s  about 40%. 

sca t t e r ing  occurs a t  distances much smaller than t h i s ,  w e  estimate t h a t  t h e  

maximum t o t a l  error  introduced by t h i s  assumption i s  less than 1%. 

Since t h e  bulk of t h e  

A secondary assumption was that  t h e  t o t a l  eff ic iency and photofraction 

of t h e  detector  c rys t a l  was equal t o  t h a t  exhibited by a 2'' x 2" cy l ind r i ca l  NaI(!Cl) 

c r y s t a l  with t h e  source a t  an i n f i n i t e  dis tance away and placed on t h e  cy l ind r i ca l  

ax i s  of t h e  detector.  Although t h i s  assumption seems l i k e  an oversimplification, 

it should be pointed out t h a t  t h e  f i r s t  moment about t h e  source of a l l  t h e  g a m -  

ray in t e rac t ions  occurs a t  distances on the  order of 1 meter as i s  shown later. 

This means t h a t  most  of t h e  g a m  rays w i l l  in tercept  t h e  surface of t he  cy l ind r i ca l  

2" x 4" detector  almost perpendicularly. 

t he  previous assumption of s ing le  sca t t e r ing  should be t o  make t h e  absolute 

values of t h e  predictions questionable. 

r e l a t i v e  responses (e.g. responses fo r  d i f f e ren t  source energies, source-to-detector 

distances,  and various atmospheric compositions) should not be ser iously affected.  

The major e f f ec t  of t h i s  assumption and 

The accuracy of t h e  model t o  predict  

The detailed equations fo r  cross sect ions used i n  deriving t h i s  model 

can be found i n  standard t e x t s  such as t h a t  by Evans(1). 

t h i s  model was wri t ten i n  FORTRAN I1 and run on t h e  Bunker-Ram0 340 d i g i t a l  computer. 

A calculat ion of the response fo r  one set of conditions takes about 15 minutes of 

computation t i m e .  

The computer program of 

4.2 Modification of Model fo r  Calibration Sphere Scat ter ing 

The prototype gauges t o  date have been cal ibrated i n  a steel sphere with 

a diameter of 60 f e e t .  

t he  gauge i n  t h e  center of t h e  steel  sphere and obtaining gauge responses t o  various 

known atmospheric densit ies i n  t h e  sphere. A large amount of s ca t t e r ing  from the  

sphere walls was noticed i n  these cal ibrat ions,  but it was assumed t o  be constant 

and independent of t h e  atmospheric densi ty  inside t h e  sphere. 

This has been accomplished by placing t h e  rocket containing 

The gauge ca l ib ra t ion  

1 2  



w a s  taken as the  response t o  various atmospheric dens i t i e s  minus the  response at  

zero densi ty  i n  the  sphere. 

It occurred t o  us tha t  the amount of s ca t t e r ing  from t h e  sphere w a l l s  i s  

not l i k e l y  t o  be independent of the densi ty  in s ide  the  sphere, since t h e  amount of 

w a l l  sca t te r ing  w i l l  be attenuated and rescat tered by the  atmosphere ins ide  t h e  

sphere. 

ground counting r a t e  is indeterminate i n  t h i s  procedure. 

ex i s t ing  technique of ca l ib ra t ion  does not give an accurate  ca l ibra t ion  f o r  t h e  

case of i n t e re s t :  

atmosphere. 

derive a model which would predict  t he  number of gamma rays  tha t  a r e  scat tered by 

a spherical  steel w a l l  i n t o  the  gauge when it is  located a t  the  center  of t he  

steel sphere. 

reaching t h e  steel w a l l  can be calculated wfth t h e  basic  model described i n  Sec. 4.1 

integrated out t o  t h e  radius  of t h e  sphere. 

This would a f f ec t  t he  t rue  s lope of t he  ca l ibra t ion .  Also the  t r u e  back- 

This means tha t  t he  

v iz .  when the rocket and gauge a r e  i n  an  i n f i n i t e  homogeneous 

In t h e  hope of correcting t h i s  ca l ib ra t ion  procedure w e  decided t o  

The response of the  gauge due t o  sca t t e r ing  i n  the  atmosphere before 

S ince  one can only count on t h e  r e l a t i v e  accuracy of these models, a 

technique fo r  using the two models t o  predict  t he  t rue  gauge ca l ib ra t ion  must be 

derived which does not require  d i rec t  addi t ions of t h e  predictions from each model. 

Assuming tha t  the  predict ion of the model described i n  t h i s  sect ion i s  denoted M2 

and the  predict ion of the  model described i n  Sec. 4.1 i s  denoted M1, then t h e  

response ins ide  a s t e e l  sphere i s  given by: 

Rs = K1 + 52% + 5iM2 (4.2- 1) 

where 5 = the  t r u e  background counting rate due t o  multiple s ca t t e r ing  

through the  shield, natural rad ioac t iv i ty  i n  the  rocket,  

e lectronic  noise, and cosmic rays;  a constant, 
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M1 = 

M 2 =  
5 and % = 

model predict ion of atmosphere sca t t e r ing  integrated t o  the  

sphere radius ,  

model predict ion of w a l l  s c a t t e r i n g  from t h e  sphere, 

constants. 

By using experimental da t a  from two spheres of d i f f e ren t  diameters with t h e  

appropriate model predictions,  one can determine t h e  3 constants of Eq. (4.2-1) by 

a least-squares method. 

as  t h e  corrected ca l ib ra t ion  can be predicted from: 

The t r u e  response i n  an i n f i n i t e  atmosphere which serves 

Ra = K1 + K2M1 (4.2-2) 

where MI i s  t h e  model of atmosphere sca t t e r ing  integrated t o  i n f i n i t y  

r a the r  than t o  the  sphere radius.  

The model for  determining t h e  amount of s ca t t e r ing  from t h e  c a l i b r a t i o n  

sphere w a l l s  was derived by assuming t h a t  a point source of gamma rays a t  a 

dis tance equal t o  t h e  sphere radius from a spherical  detector  is representat ive of 

t h e  t o t a l  wall scat ter ing.  The point source i s  anisotropic;  t h e  number of gamma 

rays e m i t t e d  a t  any angle from t h e  l i n e  connecting t h e  source and detector is 

determined by assuming tha t  t h e  o r ig ina l  gamma ray of chosen energy was e m i t t e d  

from t h e  sphere center and s c a t t e r s  back a t  various p robab i l i t i e s  a t  each angle 

and energy according t o  the  Compton sca t t e r ing  cross sect ion given by: 

(4.2-3) 
-=  due(@) 

m0 2 s ine (hV'/hVo) 2 (hV'/hVo + hVo/hV' - s i n  2 e) cm 2 / e l ec t ron  d e  

due (e) 
where de = t he  f r ac t iona l  number of g a m  rays i n  a beam with energy 

hv. 

per e l ec t  r o d  cm / d i f f e r e n t i a l  angle. 

and d i r ec t ion  €3 = 0" t h a t  a r e  scat tered a t  t h e  angle 8 
0 

2 

I f  t h e  coordinate o r ig in  is sh i f t ed  t o  t h e  point source on t h e  wall with 

t h e  0" l i n e  being t h a t  from the  source t o  t h e  detector ,  then it i s  seen t h a t  t h e  
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angular d i s t r ibu t ion  of t he  source i s  proportional t o  -due(n - 9). 

D(9) = Cdue(n - 0) Nc WiZi/Ai (4 .2-4)  
i 

where D(e) = t he  f rac t iona l  number of gamma rays with energy W' and 

d i r ec t ion  9 within the  d i f f e r e n t i a l  angle de, 

and C = t he  e f fec t ive  sca t t e r ing  density thickness of t h e  steel w a l l  

f o r  t he  or iginal  gaunna-ray energy hv i n  g/cmz. 
0' 

The e f f ec t ive  sca t te r ing  densi ty  thickness was  taken as: 

C = A E n  (4 .2-5)  

where A and n are constants determined from the  points  E = 1.25 Mew, 
2 2 

C = 14.9 g/cm and E 5: .135 M e v ,  C = 1.57 g/cm . 
The f in i te -d i f fe rence  form of Eq. (4.2-4) is: 

(4.2- 6 )  

where ea = (e1 + e i ) / 2 .  

Number albedoes could be substi tuted d i r e c t l y  fo r  D @ ) ,  but unfortunately none w e r e  

found i n  t h e  l i t e r a t u r e  f o r  steel. 

Fortunately, t h i s  model is  again cy l indr ica l ly  synrmetrical about t h e  l i n e  

from t h e  w a l l  point source t o  the detector .  

t o  t h e  basic model described i n  Sec.  4.1 with the  exceptions t h a t :  

i s  anisotropic ,  (2) t h e  minimum sca t te r ing  angle is defined by t h e  l i n e  from t h e  

point source tha t  i s  tangent t o  the detector  surface while t h e  maximum angle is 

n/2, (3) t h e  detector  i s  spherical  i n  shape, (4) t h e  model i s  integrated t o  the  steel 

sphere radius ,  and (5) a simple direct transmission ca lcu la t ion  t o  account fo r  

gamma rays scat tered d i r e c t l y  back a t  the  detector  must be added t o  the  model response. 

The model can be set up iden t i ca l ly  

(1) t h e  source 
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Only those gamma rays a r e  included i n  t h e  model t h a t  are scat tered once from t h e  

atmosphere inside t h e  sphere or t h e  sphere w a l l  a f t e r  t h e  o r ig ina l  s c a t t e r  a t  t h e  

wall. 

a s  f o r  t h e  basic  model described i n  Sec. 4.1. 

The j u s t i f i c a t i o n s  f o r  using only s ing le  s c a t t e r s  i n  t h i s  case a r e  t h e  same 

The assumption t h a t  t he  t o t a l  wall s ca t t e r ing  can be represented by the  

sca t t e r ing  from one point on t h e  wall surface t o  a spherical  detector  is not as 

s t r ingent  as  it may appear a t  f i r s t  look. 

i s  f a r t h e r  than 1 meter from the  detector ,  t h e  o r i en ta t ion  of t h e  detector  becomes 

r e l a t i v e l y  unimportant. Also, even though t h e  sca t t e r ing  from d i f f e ren t  points on 

t h e  wall may give r ise  t o  d i f f e ren t  absolute responses due t o  t h e  o r i en ta t ion  of 

t he  rocket and gauge, t h e  relative change i n  t h i s  response with changes i n  atmospheric 

density in s ide  the sphere should remain e s sen t i a l ly  constant from one point t o  

another. Since only relative predictions a r e  required f o r  t h e  ult imate use of t h e  

model predictions i n  Eq. (4.2-l), t h e  assumptions are j u s t i f i a b l e .  

Since 99.9% of t h e  i n t e r a c t i o n  volume 

The computer program of t h i s  model was wr i t ten  i n  FORTRAN I1 and run on t h e  

Bunker-Ram0 340 d i g i t a l  computer. 

conditions takes about 10 minutes of computation t i m e .  

A calculat ion of t h e  response fo r  one set of 

4.3 Model Modified fo r  Rocket Wall Streaming 

One of t h e  l imi t a t ions  on the accuracy of t h e  prototype gauges has been an 

unexplained high background counting rate (counting rate a t  zero atmospheric density) 

of about 500 t o  1700 counts per second. 

s ign i f i can t ly ,  much lower dens i t i e s  could be measured. It occurred t o  us t h a t  one 

source of background counts could be t h e  streaming of gamma rays down t h e  outer 

s h e l l  of t he  rocket wall and then i n t o  t h e  detector .  

basic model described i n  Sec. 1.1 has been modified t o  include i n i t i a l  s ca t t e r ing  

down t h e  wall and subsequent s ca t t e r ing  f rom t h e  wall i n t o  the  detector.  

I f  t h i s  background could be reduced 

To evaluate t h i s  e f f ec t ,  t he  

The s ignif icant  changes i n  t h e  model described i n  Sec. 4.1 are: (1) the  
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I -  

P probabi l i ty  given by Eq. (4.1-1) does not include an a t tenuat ion  tem since the 

in t eg ra t ion  on r is only done t o  the outer surface of t he  rocket w a l l ,  (2) t he  

P2 probabi l i ty  given by Eq. (4.1-9) subs t i tu tes  a term f o r  - dx t h a t  describes t h e  

f r ac t iona l  amount of t h e  so l id  angle between el and 

c i r c u l a r  rocket w a l l ,  (3) the  P3 probabi l i ty  i s  the  exponential a t tenuat ion of t he  

w a l l  from t h e  or ig ina l  sca t te r ing  point i n  t h e  w a l l  at  r and (p t o  a point i n  the  

wall  adjacent t o  the  leading edge of the  detector ,  and (4) t h e  P4 probabi l i ty  

includes t h e  p robab i l i t i e s  that each gtmme ray  reaching t h e  point adjacent t o  t h e  

leading edge of t he  de tec tor  is not attenuated fur ther  as it  progresses down t h e  

w a l l ,  that it i s  scat tered from a point within t h e  w a l l  t o  intercept  t he  detector ,  

and t h a t  t h e  detector  w i l l  de tec t  t h e  intercepted gamma ray  a t  t h e  second s c a t t e r  

energy. 

s ca t t e r ing  points  within t h e  rocket w a l l  are calculated f o r  each of 10 posi t ions 

on t h e  detector.  

value. 

1 

2aSx 

t h a t  i s  intercepted by t h e  

The P4 probabi l i ty  is the most complicated i n  t h i s  model s ince 10 

4 Therefore 100 separate calculat ions are necessary f o r  each P 

The major assumption made in deriving t h i s  model i s  t h a t  a l l  sca t te r ing  

t h a t  occurs in t h e  w a l l  after t h e  i n i t i a l  s c a t t e r  r e s u l t s  i n  the  removal of gama 

rays  from the  beam t h a t  are "streaming' down the  w a l l .  It is obvious t h a t  some of 

these  sca t te r ing  events t h a t  r e s u l t  i n  very s m a l l  d i r ec t ion  changes do not remove 

gamma rays from t h e  beam. The resu l t  of t h i s  assumption i s  t o  cause the  model t o  

pred ic t  a minimum of background counts due t o  t h i s  e f fec t .  

The computer program of t h i s  model waswritten i n  FORTRAN I1 and run on t h e  

Bunker-Ramo 340. 

about 12 minutes of computation t i m e .  

A ca lcu la t ion  of t h e  response f o r  one set of conditions takes  

4.4 Monte Carlo Calculation of Shield Effectiveness 

Another possible  source of high background counting rates is  the  penetrat ion 

of gamma rays  through t h e  conical tungsten shield placed between the  source and 

detector .  To evaluate t h i s  effect  we decided t o  use an ex i s t ing  Monte Carlo method 
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f o r  calculat ing deep gamma-ray penetration de r ived  by C h i l t ~ n ' ~ ) .  

uses an exponential transformation t o  optimize t h e  number of random walks necessary 

t o  obtain a given accuracy. 

This method 

h e  major assumption t h a t  w a s  made i n  using t h i s  method w a s  t h a t  t h e  

shield used i n  the ca lcu la t ion  has i n f i n i t e  dimensions i n  t h e  d i r ec t ions  normal t o  

t h e  a x i s  of t h e  source and detector  r a t h e r  than t h e  ac tua l  conical dimensions. This 

assumption tends t o  make t h e  predicted amount of penetrat ion higher than ac tua l  s ince 

g a m  rays scattered normally t o  t h e  source-detector axis could be scattered back 

toward the  detector from the  assumed shield configuration. This would not occur 

past  t h e  t r u e  dimensions of t h e  shield.  

Another major assumption was t h a t  t h e  source w a s  d i s t r ibu ted  evenly over 

t h e  back surface of t he  shield and a l l  gamma rays emi t ted  from t h i s  source were 

perpendicular t o  the  shield surface. This assumption i s  not too r e s t r i c t i v e  s ince  

t h e  actual  angle between a l i n e  perpendicular t o  t h e  back surface of t h e  shield and 

t h e  l i n e  connecting t h e  source t o  t h e  shield extremity does not vary from 90" by more 

than 6'. 

The computer program of t h i s  calculat ion method was wr i t ten  i n  FORTRAN 64 

and run on a CDC 3600 d i g i t a l  computer. 

f o r  one se t  of conditions takes about 30 minutes of computation t i m e .  

A calculat ion of t he  gauuna-ray penetration 
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5. GEMWAL MODEL PREDICI'IONS 

I n  t h i s  sec t ion  t h e  general predictions of t he  models a r e  presented. The 

response t o  densi ty  i s  given first. 

composition va r i a t ions  i n  source energy and placement, va r i a t ions  i n  atmospheric 

densi ty  due t o  shock wave perturbations,  and va r i a t ion  i n  rocket w a l l  propert ies  

are t reated.  Unless otherwise discussed t h e  dimensions used correspond t o  those 

of the  prototype gauge mounted i n  an Apache rocket as given i n  NASA Drawing No. 

LR-806522. For cowenience, dimensions of t h e  per t inent  i t e m s  s h m  i n  Fig. 1 

and used i n  the  der ivat ion of t h e  model i n  Sec. 4.1 are given i n  Table 1. The 

rocket w a l l  was assumed t o  be composed of 24% by weight of carbon and 76% by 

weight of f luor ine  and t o  have a density of 1.00 g/cm . 

Then the  e f f e c t s  of var ia t ions  i n  atmospheric 

3 

5.1 Response t o  Atmospheric Density 

The response of t he  gamma-ray scatter gauge predicted by t h e  model 

out l ined i n  Sec. 4.1 i s  l inea r  w i t h  densi ty  over t h e  range from zero t o  atmospheric 

f o r  source energies from 100 K e v  t o  2 M e v  and source-to-detector distances from 12 

inches t o  30 inches. This was determined by calculat ing gauge responses with t h e  

model of Sec. 4.1 f o r  var ious dens i t ies  while holding a l l  other  var iables  such as 

atmospheric composition, source energy, and gauge configuration constant. A sample 

set of calculated r e s u l t s  i s  given i n  Table 2 .  Note t h a t  t h e  small deviation i n  

l i n e a r i t y  occurs as a decrease i n  response with increases i n  pressure. This i s  the  

r e s u l t  t h a t  one expects s ince  i n  t h e  extreme case of i n f i n i t e  density,  t h e  predicted 

gauge response should return t o  zero. 

The r e su l t  t ha t  t h e  predicted gauge response is linear with atmospheric 

densi ty  allows one t o  s ign i f icant ly  reduce t h e  number of model calculat ions t h a t  

are necessary i n  the  study of t h e  gamna-ray technique. 

densi ty  i s  e a s i l y  corrected t o  that a t  any densi ty  by multiplying by the  r a t i o  of 

t h e  desired density t o  tha t  used i n  t h e  calculation. 

The r e s u l t  obtained a t  one 
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To graphically i l l u s t r a t e  how t h e  gamma-ray s c a t t e r  gauge works, a p lo t  of t h e  

number of gama rays scattered and eventually detected a t  any dis tance from t h e  

source and detector per 1000 detected gamma rays i s  shown i n  Fig. 3. 

t h i s  plot  was generated by t h e  basic  model described i n  Sec. 4 .1  f o r  a source energy 

of .134 M e v ,  t h e  dimensions given i n  Table 1, a detector  eff ic iency equal t o  t h e  

t o t a l  eff ic iency of a 2" x 2" NaI("1) c r y s t a l ,  and an a i r  densi ty  of .00100 g/cm . 
Note t h a t  t h e  number of gamma rays eventually detected a r e  maximum a t  a dis tance 

of about 40 cm and approach zero assymtotically as t h e  dis tance considered i s  

increased. 

The data fo r  

3 

5.2 Response t o  Variation i n  Atmospheric Composition as a Function of Source 
Energy 

Since i t  i s  known t h a t  t he  composition of t h e  atmosphere v a r i e s  s l i g h t l y  

with a l t i t u d e  and a l s o  t h e  dens i t i e s  of atmospheres other than t h a t  of t h e  Earth 

(such a s  t h a t  of Mars) may be d e s i r e d ,  t h e  e f f e c t  of atmospheric composition 

va r i a t ions  was s t u d i e d  by using the  model described i n  Sec. 4.1. The NASA Model I V  

atmosphere of Mars(4) w a s  compared t o  t h a t  of t he  Earth by in se r t ing  each composition 

i n t o  t h e  model of Sec. 4.1 a t  t h e  s a m e  atmospheric density.  The composition of 

Mars assumed by NASA Model IV and t h e  standard composition of Earth are given i n  

Table 3. The predicted gauge responses f o r  these two compositions fo r  various 

gamma-ray energies a r e  given i n  Table 4 and plot ted i n  Fig. 4. 

A t  gamma-ray energies g rea t e r  than 0.134 MeV, t h e  only difference between 

t h e  predicted responses t o  t h e  two atmospheric compositions (0.970) i s  t h a t  due t o  

the  difference i n  t h e  e f f ec t ive  r a t i o  of t h e  atomic number of atomic weight. 

e l ec t ron  density,  which i s  pa r t  of t h e  Compton sca t t e r ing  cross section, depends 

d i r e c t l y  on t h i s  r a t io .  Except for  hydrogen, most other gaseous elements have a 

r a t i o  of atomic number t o  atomic weight t h a t  i s  e s sen t i a l ly  constant and equal t o  

0.5. 

present case and is due primarily t o  t h e  presence of argon. 

The 

The e r r o r  introduced by t h e  difference i n  t h i s  r a t i o  i s  only about 3% f o r  t he  

The response e r r o r  
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increases  rap id ly  a t  ganrma-ray energies lower than 0.080 M w  due t o  the  increased 

dependence of t he  gauge response on t h e  photoelectr ic  e f f ec t .  

q u i t e  s t rongly on composition [see Eq. (4.1-6)]. 

atmosphere was chosen t o  represent t h e  maximum possible  deviat ion from the  

atmosphere of t he  Earth or any other assumed composition f o r  Mars due t o  the  la rge  

va lue  of t he  photoelectr ic  e f f e c t  exhibited by argon. 

This e f f ec t  depends 

The NASA Model IV of the  Mars 

It can be seen from Fig. 4 t h a t  gama-ray energies less than about .080 

M e v  ought t o  be avoided i n  using t h i s  p r inc ip le  fo r  measuring atmospheric dens i t i e s  

i f  t h e  composition of t he  atmosphere varies or i s  an unknown quantity.  

means tha t  t h e  gama-ray energy which gives maximum s e n s i t i v i t y  as indicated on 

Fig. 4 (.038 M e v  f o r  t he  atmosphere of t he  Earth and .056 M e v  f o r  the NASA Model 

IV atmosphere of Mars) cannot be used. Fortunately,  t he  s e n s i t i v i t y  a t  0.100 Mev 

is s t i l l  80 t o  90% of the  maximum s e n s i t i v i t y  and one could therefore  use gamma- 

rays  of about t h i s  energy without much los s  i n  sens i t i v i ty .  

This 

5.3 Response t o  Variations i n  Source Energy and Source-to-Detector Distance 

The predicted response of t h e  gauge t o  var ia t ions  i n  source energy fo r  

a i r  a t  sea level i s  shown i n  Fig. 4. 

and v e r t i c a l  distance about the  source are given i n  Table 5. These parameters 

were calculated according t o  Eqs. (4.1-17) and (4.1-18). Examination of these 

da ta  show that the  e f f ec t ive  center of in te rac t ion  changes very slowly as the  

gamma-ray energy decreases from 2.2 M e v  t o  .03 M e v .  Only energy decreases beyond 

.03 Mev begin t o  cause a s ignif icant  reduction i n  t h e  dis tance from t h e  rocket 

center  l i n e  t o  the  e f f ec t ive  interact ion point. It i s  important t o  note  t h a t  t he  

e f f ec t ive  in te rac t ion  point i s  about 1 m e t e r  from the  rocket center  l i n e  over t h i s  

w i d e  range of source energies. This indica tes  t ha t  t h e  e f f ec t ive  sample volume is  

always qu i t e  la rge  and t h a t  the  distance t o  the  in te rac t ion  point and back t o  t h e  

detector  controls  t he  response by the  inverse square l a w  more strongly than it does 

by a t tenuat ion  of t he  g- rays. 

The f i r s t  moments of t he  horizontal  dis tance 
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The effect  of varying t h e  source-to-detector dis tance i s  shown i n  Table 6 

fo r  t h e  th ree  gama-ray energies 0.134, 0.694, and 2.180 M e v .  

response change with source-to-detector dis tance i s  very s l i g h t  i n  t h e  range from 

30 t o  60 cm. This i s  t o  be expected from t h e  f a c t  t h a t  t h e  e f f ec t ive  

center  of t h e  gamma-ray in t e rac t ions  i s  about 100 cm from t h e  rocket center  l i n e .  

The dis tance between source and detector  i s  small compared t o  t h e  t o t a l  path length 

of t h e  average gama ray tha t  is  scat tered by t h e  atmosphere and subsequently 

detected.  The effect  of source-to-detector dis tance on t h e  gauge response t o  

atmospheric density i s  therefore  small. 

found t h a t  t h e  gauge response i s  d i r e c t l y  proportional t o  t h e  reciprocal  of t h e  

source- t 0- detect or dis tance . 

Note t h a t  t h e  

On p l o t t i n g  t h e  data  of Table 6 it i s  

5.4 Response t o  Density Variations Induced by Shock Waves 

The response of t h e  gamma-ray s c a t t e r  gauge t o  shock wave densi ty  

perturbations was determined by introducing i n t o  t h e  basic model a conical shock 

wave around t h e  rocket. 

conical surface with or igin a t  t h e  front  of t h e  rocket nose. 

rocket a x i s  and the shock wave in t e r f ace  could be assumed. 

conical shock wave was assumed t o  be homogeneous and was  taken a s  t h e  ari thmetic 

average value of the density a t  t h e  shock wave in t e r f ace  and a t  t he  vehicle  surface. 

Shock wave angles and densi ty  r a t i o s  were taken from Refs. 5 and 6. 

The shock wave was assumed t o  be delineated sharply by a 

Any angle between t h e  

The density in s ide  t h e  

Sample r e s u l t s  of t h e  calculated predictions are given i n  Table 7 f o r  a 

gamma-ray source energy of 0.134 MeV. Results a r e  shown fo r  t he  composition of t h e  

atmosphere of Earth and f o r  t he  NASA Model I V  composition of Mars a t  t h e  densi ty  of 

a i r  a t  sea level fo r  a range of Mach numbers from 1 t o  4.6. It i s  obvious from 

these r e s u l t s  that  t h e  e f f e c t  of r e a l i s t i c  shock wave densi ty  perturbations are 

negl igible  s ince  t h e  maximum e r ro r  introduced i s  1.9%. 

energies were used i n  s i m i l a r  calculat ions and showed no s ignif icant  difference at 

Other gamma-ray source 
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energies between 50 Kev ant Mev. Source-to-detector dis tances  from 2 t o  

inches vere a l so  used i n  t h e  calculat ion and a l s o  showed no s igni f icant  difference.  

When atmospheric dens i t ies  less than t h a t  a t  sea level were used i n  t h e  calculat ion,  

t h e  shock wave  densi ty  perturbations predicted lesser e f f e c t s  than those shown i n  

Table 7. 

The f a c t  that shock wave density per turbat ions do not s ign i f i can t ly  

a f f e c t  t h e  gauge response can be explained by noting t h e  previously reported r e s u l t  

that t h e  e f f ec t ive  center  of in te rac t ion  i n  t h e  atmosphere i s  about 1 m e t e r  from 

t h e  rocket. 

m e t e r s  (to the  in te rac t ion  point and back) before it i s  detected. The dis tance 

t raveled through t h e  shock wave is  therefore  negl ig ib le  cumpared t o  the  t o t a l  

e f f ec t ive  path length of t he  average gamma ray. 

This means tha t  on the average each detected ganaaa ray  must t r a v e l  2 

5.5 Response t o  Container Properties 

The background counting rate due t o  t h e  streaming of gamna rays down t h e  

rocket w a l l  with subsequent sca t te r ing  i n t o  t h e  de tec tor  w a s  calculated f o r  various 

source-to-detector dis tances  within t h e  Apache rocket and f o r  th ree  source 

energies by using t h e  m o d e l  described i n  Sec. 4 . 3 .  

are l i s t e d  i n  Table 8 and plot ted in Fig. 5. The gauge response t o  atmospheric 

dens i ty  €or a source energy of 0.134 Mev as calculated by t h e  basic model i s  a l s o  

p lo t ted  on Fig. 5 f o r  sake of comparison. The detector  eff ic iency subroutine w a s  

used i n  these calculat ions with a lower discriminator s e t t i n g  of 90 Rev, an upper 

discriminator s e t t i n g  of 155 Rev, and a standard deviat ion of the  detector  pulse- 

height spectrum of 4.249,. 

gauge response t o  source energies of 0.694 and 2.180 M e v  are less than t h a t  a t  0.134 

M e v  by a fac tor  of 100. 

The r e s u l t s  of these ca lcu la t ions  

Under t h e s e  conditions t h e  basic  model pred ic t s  t h a t  t h e  

The importance of these  r e su l t s  i s  t h a t  t h e  background counting rate due 

t o  gamma-ray streaming down the rocket w a l l  depends very s t rongly on t h e  source- 
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to-detector  distance while the  response t o  atmospheric densi ty  i s  only a very 

weak function of t h i s  dis tance i n  the  range of i n t e r e s t .  

source-to-detector dis tance reduces the  amount of gamma-ray streaming by a fac tor  

of 293 while the  response t o  atmospheric densi ty  i s  decreased by only a f ac to r  of 

2.13.  It i s  evident from t h i s  t h a t  a small increase i n  the  source-to-detector 

dis tance could show great improvement i n  the  signal-to-noise r a t i o  of the  gauge. 

A change of 30 cm i n  the  
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. 6. SPECIFIC MOD= PREDICTIONS 

In t h i s  sec t ion  some spec i f ic  predict ions are made about t he  ganuna-ray sca t te r ing  

p r inc ip l e  i n  an e f fo r t  t o  explain c e r t a i n  data  taken with the  prototype gauges. 

The response t o  the  three  major gannna-ray energies of '*Ce under the  spec i f ic  

counting conditions used are t reated f i r s t .  

most energet ic  gamma ray  (2.180 Mev) of l u C e  i s  predicted f o r  t he  same counting 

conditions.  Final ly ,  t h e  correction technique fo r  ca l ib ra t ion  is discussed and 

t h e  response of t h e  gauge with the movable shield closed i s  compared t o  t h e  

response with the  shield open. 

Then t h e  shield effect iveness  f o r  t h e  

The spec i f ic  counting conditions chosen are: (1) a lower discriminator s e t t i n g  

of 80 Kev, (2) an upper discriminator s e t t i n g  of 150 Rev, and (3) a detector  

pulse-height standard deviat ion of 4.24%. The t o t a l  eff ic iency E and photofraction 

F 

NaI@l) c r y s t a l  a t  an i n f i n i t e  distance.  

t 

were taken as those for  a point source on t h e  ax i s  of a cyl indr ica l  2" x 2" 
P 

Data a t  various gamma-ray energies were 

taken from Crouthamel(2) and used t o  f i t  a fourth-order polynomial fo r  both E and t 

F 

counting conditions i s  plot ted i n  Fig. 6. 

a l s o  plot ted i n  Fig. 6 f o r  comparison. 

The spec i f ic  eff ic iency a s  a function of incident gama-ray energy fo r  these  

The t o t a l  eff ic iency f o r  a l l  pulses i s  
P' 

6.1 Response t o  Gamma-Ray Energies of 144Ce - 144Pr 

The response of t h e  gauge t o  t h e  three  major gamma-ray energies of '* C e  - 
144Pr above 80 Kev were calculated f o r  t he  spec i f ic  counting conditions used i n  

the  prototype gauge. 

might be expected from t h e  predicted counting e f f i c i enc ie s  given i n  Fig. 6 ,  t he  

response of t he  gauge t o  t h e  0.694 and 2.180 Mev gamma rays i s  negl igible  compared 

t o  the  response t o  the  0.134 Mev gamma ray. 

The results of these calculat ions are given i n  Table 9.  A s  

A comparison of t he  predicted gauge response t o  tha t  obtained with t h e  

prototype can be made with t h i s  data. According t o  Hakewessel 'I, t he  gauge 
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response t o  a 21.4-curie source of 144Ce - 144Pr f o r  a 2" x 4" NaIfll) cy l ind r i ca l  

detector  cut  i n  half along t h e  a x i s  with discriminator s e t t i n g s  of 90 and 155 Kev 

was 315,000 pulses per second. 

given i n  Fig. 38 of Ref. 7. 

This value w a s  obtained by extrapolat ing t h e  r e s u l t s  

The value predicted by t h e  basic  model would be: 

10 d i s in t eg ra t ions  ] [ 3.7 
lo curie-second 21.4 cu r i e s  u l  ses/ second 

disiEtegrations/second 

614,400 pulseslsecond (6.1- 1) 

This value i s  95% higher than ac tua l ,  which is a reasonable agreement of absolute  

values considering t h e  accuracy t o  which t h e  source s t rength could be ascertained 

and the  f a c t  t ha t  t h e  e f f ec t  of source self-absorption was not accounted for .  The 

r e l a t i v e  accuracy of the model prediction should be a s  much as an order of magnitude 

b e t t e r  than t h i s .  

6.2 Shielding Effectiveness 

The background counting r a t e  due t o  t h e  penetration of gamma rays through 

t h e  9.5" conical tungsten shield was predicted f o r  t h e  prototype gauge by t h e  

method outlined in  Sec. 4.4. 

energy should penetrate t h i ck  shields  of t h i s  type by considerably more than 

energies lower than 0.7 Mev. 

144Ce - 144Pr was .382 x 

by half  of a 2" x 4" cy l ind r i ca l  detector  with discriminator s e t t i ngs  as before, 

t h e  predicted background counting rate is: 

Only 2.180 M w  gama rays were considered s ince  t h i s  

The predicted response per uni t  d i s in t eg ra t ion  of 

For a 21.4-curie source of 144Ce - 144Pr detected 

10 d i s i n t  egrat. ions [ '382 'O''' disiEtegretions1second 3 * 7  lo curie-second 21.4 cu r i e s  u l s e s l  second (-$I = 1 
15.2 pulses/ second (6.2-1) 

This predicted background counting rate represents 3.6% of the  440 pulses/second 

reported by Hakewessel (7) and therefore  is negligible.  
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The background counting r a t e  due t o  the  penetrat ion of gamma rays through 

t h e  source shield,  RbS, depends on t h e  inverse square of t h e  source-to-detector 

dis tance.  

6 - 2.77 x 10 

d2 %s - (6.2-2) 

An increase i n  the  source-to-detector dis tance of 10 cm without a change of shield 

size, decreases the background counting rate due t o  t h e  penetrat ion of ganma rays 

through the  shield by a fac tor  of 0.65. 

6.3 Background Counting Rate Due t o  Gauuna-Ray Wall Streaming 

Using the  data  given i n  Table 8 and discussed i n  Sec. 5.5, t h e  absolute  

value of the  background counting r a t e  due t o  gama-ray w a l l  streaming can be 

calculated and compared t o  the t o t a l  background counting r a t e  obtained 011 t he  

prototype gauge'). 

of l'Ce - 
discriminator s e t t i ngs  of 90 and 155 Kev was  440 pulses/second. 

responses per uni t  gamma ray  of energies of 0.134, 0.694, and 2.180 M e v  a t  the  

42.23 cm source-to-detector distance given i n  Table 8 with t h e  gamma-ray abundances 

given i n  Table 9, t h e  gamma-ray streaming pulse rate per un i t  d i s in tegra t ion  rate 

i s  found t o  be: 

The background counting rate obtained for  a 21.4-curie source 

with half  of a 2" x 4" cy l ind r i ca l  N a I ( T 1 )  crystal operated with 

Using the  predicted 

(.300)(.1897 x ld8) + (.020)(.03725 x + (.030)(.02694 x 10-8, = 

9 pulses/second 
.5846 lo- disintegrat iondsecond (6.3-1) 

From t h i s  value one can ca lcu la te  t h e  background counting rate due t o  gama-ray 

w a l l  streaming f o r  t he  prototype gauge. 

(-9 1 10 d i s i n t  earat ions 

%ss = [ lo- disintegrations/second ] [3*7 lo curie-second 
21.4 cur ies  9 pulses/second 

27 



= 231 pulses/second (6.3-2) 

This represents  53% of t h e  a c t u a l  t o t a l  background counting rate. Since t h i s  i s  a 

minimum estimate (see Sec. 5.5), it i s  obvious t h a t  gamma-ray streaming represents 

a major f r a c t i o n  of t h e  background counting rate. Small changes i n  t h e  source-to- 

detector  dis tance would s ign i f i can t ly  decrease t h e  amount of background due t o  th i s  

e f f ec t .  From Table 8 it i s  found t h a t  a n  increase from 42.23 cm t o  60.96 cm would 

decrease t h e  amount of background by a f ac to r  of 29.3 o r  t o  7.9 pulses/second. 

signal-to-noise r a t i o  would be altered by a f ac to r  of 19.7 i f  t h e  background i s  

considered t o  be solely due t o  streaming. 

The 

6.4 Correction Procedure f o r  Sphere Cal ibrat ion 

The model described i n  Sec. 4.2 w a s  used t o  predict  t h e  prototype gauge 

response in s ide  two ca l ib ra t ion  spheres. 

steel  ca l ib ra t ion  spheres with diameters of 60 and 41 f e e t  are given i n T a b l e  10 

and plot ted i n  Fig. 7. 

a 60 foot steel  sphere t o  predict  t h e  constants 5 and % of Eq. (4.2-1) when 5 i s  

assumed t o  be zero. = 890 pulses/second when 

p = .0005 g/cm3 and Rs = 310 pulses/second when p = 0 g/cm . The relative model 

The relative responses of each model f o r  

These data  can be used with t h e  data of Hakewessell(8) f o r  

The pertinent prototype data i s  R 
S 

3 

1 values for  these two cases are M 

M = 1.077 when p = .0005 g/cm . 
two equations which can be solved 

3 
2 

% = 310. 

When t h e  densi ty  term is 

c a l i b r a t i o n  would be given by: 

3 = 0 and 3 = 1 when p = 0 g/cm , and M 1 = 1 and 

Subst i tut ing these values i n t o  Eq. (4.2-1) gives 

simultaneously t o  give a value of 3 = 556.13 and 

subst i tuted i n t o  t h e  M1 term t h e  corrected 

Ra = 1,112,200 p 

The previous ca l ib ra t ion  technique would give: 
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Ra = 1,160,000 p (6.4-2) 

This difference represents an  e r ror  of about 4.1%. 

6.5 Movable Shield Response 

One puzzling da ta  anomaly observed on a prototype gauge occurred when a 

smell tungsten cup was used t o  a t tenuate  t h e  I4Ce - 
cycles.  

f ac to r  of two f o r  air at sea level when t h e  source w a s  at tenuated by the  tungsten 

cup. The counting rates a t  essent ia l ly  zero air densi ty  w e r e  reversed; t ha t  is  

t h e  counting rates of t he  detectors  with t h e  at tenuator  cup over t h e  source was  

s l i g h t l y  higher than when t h e  source was  exposed. 

source i n  one-second 

The counting rate with each detector  was found t o  be reduced by only a 

W e  attempted a quant i ta t ive predict ion of t he  counting rates f o r  these  

two conditions, but w e r e  thwarted by the  unavai lab i l i ty  of e i the r  experimental 

da ta  o r  an accurate theory f o r  predicting t h e  bremsstrahlung spec t ra  produced 

by t h e  beta  p a r t i c l e s  emitted by '@Ce - luPr. 

integral par t  of an analysis  of t h i s  type, w e  f e l t  t h a t  a quant i ta t ive  predict ion 

would be ser iously l i m i t e d  i n  accuracy. 

of t h i s  anomaly. 

Since such spectra  form an 

W e  therefore  o f f e r  a qua l i t a t ive  explanation 

With the  movable shield open the  response t o  the  atmosphere is due so le ly  

t o  the  0.134 M e v  gama rays from the I4Ce - 
of t h e  response a t  zero air density i s  due t o  the  streaming of these 0.134 MeV 

gamna rays.  

rays  are completely absorbed. 

i s  produced by the  beta rays  from the  14Ce - source. Since t h e r e  are about 

6.7 beta rays  emitted f o r  every 0.134 M e v  gamna ray, these  beta  rays have energies 

up t o  3 M e v ,  and the  amount of bremsstrahlung produced depends on t h e  atomic number 

of t h e  absorber (tungsten has a high atomic number), t he  amount of bremsstrahlung 

source. A s igni f icant  port ion 

With the  movable shield closed e s sen t i a l ly  a l l  of the  0.134 M e v  gama 

However, a considerable amount of bremsstrahlung 
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could be q u i t e  large. 

higher than 0.134 M e v  so t h a t  t h e  s e n s i t i v i t y  f o r  measuring a i r  densi ty  would be 

r e l a t i v e l y  low compared t o  t h a t  for  0.134 Mev g a m  rays.  

than half  as many bremsstrahlung photons t o  obtain half  t h e  response of t h e  0.134 

MeV gamma rays. 

detected r e l a t i v e  t o  0.134 Mev gamma rays a f t e r  streaming down t h e  rocket 

walls s ince they a r e  scat tered twice i n  t h i s  process and t h e  energy is  therefore  

degraded enough t o  be detected a t  t h e  discriminator s e t t i n g s  used. 

cause t h e  response a t  zero densi ty  t o  be s l i g h t l y  higher with t h e  movable shield 

closed. 

The e f f ec t ive  energy of t h e  bremsstrahlung i s  probably 

This would r equ i r e  more 

These same bremsstrahlung photons would be more e f f i c i e n t l y  

This could 

Although t h i s  i s  a q u a l i t a t i v e  descr ipt ion,  a l l  of t he  assumptions a r e  

consis tent  with the previous model predictions.  
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7 .  DISCUSSION OF RESULTS AND C0NCLUSIO"S 

This discussion of r e s u l t s  and l i s t i n g  of conclusions na tura l ly  d i v i d e s  i n t o  

t h e  general aspects of t he  gamma-ray sca t t e r ing  technique, t h e  ra ther  spec i f i c  

aspects  associated with explaining data  from prototype gauges, and an evaluation 

of t he  mathematical modeling approach t o  t h e  present and fu ture  atmospheric densi ty  

gauging problems. 

As t o  t h e  general aspects  of t h e  technique our ana lys i s  shows: 

response is linear with atmospheric densi ty  i n  the  range of i n t e r e s t ,  (2) t he  

maximum s e n s i t i v i t y  fo r  the  density of air  (at  a source-to-detector dis tance of 

42.23 cm) i s  obtained with a gamma-ray source energy of .038 Mev, (3) t he  gauge 

response t o  atmospheric composition becomes appreciable a t  gamma-ray energies less 

than 0.1 MeV, (4) t h e  gauge response i s  a r e l a t i v e l y  weak function of sou rce to -  

de tec tor  dis tance i n  t h e  range from 30 t o  60 cm, (5) t h e  e f f ec t ive  in te rac t ion  

point of a l l  ganma rays i s  about 1 meter from t h e  rocket,  (6) a s igni f icant  number 

of gamna-ray in te rac t ions  occur at  dis tances  up t o  10 meters from t h e  rocket,  

(7) t h e  response t o  shock wave perturbations i s  negl igible ,  and (8 )  t h e  response 

t o  gamma-ray streaming down the rocket w a l l  i s  a strong function of t he  sou rce to -  

de tec tor  distance.  

(l.) t he  gauge 

In some cases experimental data could be used t o  check the  models. The predicted 

l i nea r  response t o  densi ty  has been observed i n  t h e  prototype gauges. 

a predicted value of t h e  gauge response t o  a i r  a t  sea level was 95% higher than the  

reported experimental value. Furthermore, t he  predicted r e s u l t s  are s e l f  consistent.  

For example, t he  predicted e f fec t ive  in t e rac t ion  point and l a rge  sample volume are 

consis tent  with t h e  la rge  amount of w a l l  s ca t t e r ing  observed i n  a sphere with a 

radius  of 60 feet .  

In addi t ion 

As t o  t h e  spec i f i c  predictions of t he  gauge our analyses gave: (l.) a 

predicted response t o  air at sea level t h a t  was  95% higher than t h e  experimental 
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result, (2) the response to gamma-ray energies from 144Ce - 144Pr other than 
0.134 MeV was negligible, (3) the response of the gauge to gama rays that penetrate 

the 9.5" tungsten shield is negligible, (4)  the response of the gauge to gamma rays 

that stream down the rocket wall is significant, but could be reduced drastically 

by a slight increase in source-to-detector distance, (5) the existing sphere 

calibration technique is incorrect, but could be corrected by a technique involving 

the use of our models on data taken from two spheres of different sizes, and (6) the 

anomalous movable shield data can be explained qualitatively by considering the 

bremsstrahlung produced by the beta particles from the 144Ce - 144Pr source. 

The usefulness of the models has been demonstrated here by predicting the 

general characteristics of the gamma-ray scattering technique and by explaining 

certain data anomalies that have been observed. 

consistent with experimental data in those cases in which they can be checked. 

models predict that the significant problems are: 

wall, (2) calibration inaccuracies, and (3) composition if gama-ray energies 

less than 0.1 M w  are used. The models predict that shock-wave density perturbations 

and shield effectiveness are not significant problems. 

The model predictions are 

The 

(1) gamma-ray streaming down the rocket 

The models derived and discussed here could have been used as subroutines in a 

large computer program to optimize the design of the prototype gauges. Various 

gamma-ray sources, discriminator settings, source-to-detector distances, rocket 

wall materials, and shield thickness could be chosen by a multivariable search 

routine to determine the optimum design on the basis of the maximum signal-to- 

noise ratio. 

The proposed Mars Probe density gauge could be modeled by the same general 

techniques that have been used here. The major difference is that the configuration 

of the proposed Mars Probe gauge is not cylindrically symmetrical and therefore 

has one more degree of complexity. 

dimensions while the Models for the Mars Probe gauge would have to be done in 

The present models could be done in two 
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t h ree  dimensions. W e  f e e l  t ha t  the present models could be modified f o r  use  i n  

t h e  Mars Probe gauge design without increasing the  computation time more than 

about a fac tor  of f ive .  

p r o g r a d n g  them on a l a rge r  computer -- probably t h e  IEM 360, Model 75. 

t h e  models are used simultaneously t o  optimize the  gauge design t h i s  s t e p  would be 

necessary even with t h e  present models. 

However, the complexity of these  models would warrant 

I f  a l l  

The Mars Probe gauge may offer  several problems of greater magnitude than t h e  

ex i s t ing  prototype gauges. These include: (1) a l a rger  background due t o  

sca t t e r ing  ins ide  t h e  space vehicle,  (2) more background due t o  increased gamma- 

ray  streaming i n  the  th icker  space vehicle w a l l s ,  and (3) a var iab le  response due 

t o  ab la t ion  of t he  heat shield through which t h e  gamma rays must pass. This last  

problem may warrant the  use of a more sophisticated detect ion technique i n  which 

gamma rays of two energy ranges a re  detected simultaneously. 

The problems ident i f ied  i n  the  present program and t h e  addi t ional  problems 

l i k e l y  t o  be encountered i n  t h e  proposed Mars Probe gauge make it seem des i rab le  

t o  apply modeling techniques t o  the study, and possible  the  optimization of t h e  

design of t he  proposed Mars Probe Gauge. 

useful  i n  obtaining the  most accurate values of densi ty  from telemetered counting 

r a t e  data.  

In addition, these models should prove 
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Fig. 2. Typical monoenergetic ganmm-ray, pulse-height spectrum using a NaI(T1) 
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Fig. 3A. Predicted response per 1000 total units at various distances from 
rocket-mounted gauge 
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Fig. 3B. Predicted response per 1000 total units at various distances from 
rocket-mounted gauge 
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Fig. 5 Comparison of basic gauge sensitivity with gamma-ray wall streaming as a function of 
source-detector separation 
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Table 1 

Item* - 
al 

a2 

dl 

di 
d 

+min 

%lax 

r 

K 
maX 

a 

b 

Dimensions of Prototype Rocket-Mounted Gauge 

Dimens ion 

-0915 

1.45 cm 

5.08 cm (2.00 in . )  

10.16 cm (4.00 in.) 

42 .23  cm 

.785 radians 

1.92 radians 

.5588 cm 

1000 cm 

1.01 x 

5 .O 

3 . 5  

an2 electron a atom 1-a Mev-b 

*Refer t o  Fig. 1 and Sec. 4 . 1  for a description of these items. 
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Table 2 

Predicted Gauge Response t o  Atmospheric Densitp 

Relative Gauge Response Atmospheric Densitx Ratio of Response t o  Density 
3 

(S/m 1 

.003 00 1462.1 4.3862 

1.9006 .00129 1473.3 

1.4753 .00100 1475.3 

1476.6 1.1813 .00080 

Average 

FraCtiOMl Standard Deviation from Average 

1471.8 

+. 0045 

%e resu l t s  given here were obtained with the  basic model described i n  Sec. 4.1 
with the  parameters given i n  Table 1. 
source vas taken as 0.134 M e v ,  t h e  atmospheric composition was t ha t  of a i r  a t  
sea level ,  and t h e  detector efficiency was the  t o t a l  efficiency as given i n  Fig. 6. 

These r e su l t s  are therefore indicative of the  prototype gauges with a l U C e  - 
source. 

I n  addition the  gamne-ray energy of the  
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Table 3 

Compositions of Earth and Mars Atmospheres 

*rs Atmosphere Earth Atmosphere 
Component Mass Fractions Mass Fractions 

c02 

N2 

A 

O2 

.700 

. 000 

.300 

. 000 

(4) *NASAModel IV . 
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. 001 

.755 

.013 

.231 



Table 4 

Gamna-Ray Enerzy 
Wff) 

.020 

.030 

.os0 

.080 

.134 

-300 

.694 

2.180 

Effect of Atmospheric Composition on Predicted 
Gauge Response a t  Various --Ray Energies* 

Relative Gauge Response 
t o  Mars Atmosphere 

2.36 

6.50 

a. 75 

8.33 

6.94 

4.54 

2.64 

1.122 

Relative Gauge Response 
t o  Earth Atmosphere 

7.80 

10.00 

9.89 

8.77 

7.18 

4.68 

2.72 

1.15 

Ratio of Mars 
t o  Earth Responses 

.303 

.650 

.885 

.950 

.967 

.970 

.971 

. 971 

+The r e s u l t s  given here were obtained with the  basic model described i n  Sec. 4.1 with the  
parameters given i n  Table 1. 
were taken as those given i n  Table 3 and the  detector efficiency was taken as the  t o t a l  
eff ic iency given i n  Fig. 6. 

In addition the  compositions of t he  Mars and Earth atmosbheres 
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Table 5 

Response Moments of Gauge About t he  Source as a Function of Source Energy* 

Source Enerrrsr Lateral  Moment, % Vertical Moment, y 
b - a 

-1 (cm) (4 

2.180 

.694 

.300 

.134 

.080 

.050 

.030 

.020 

24.0 

24.9 

25.5 

25.8 

26.2 

25.9 

24.2 

19.0 

90.5 

98.0 

101.5 

105 5 

110.2 

109.5 

105 6 

94.9 

%e x distance is measured from the source along the  major axis of the  rocket i n  
the  d i rec t ion  of the  detector. Refer t o  Fig. 1 f o r  a schematic drawing of t he  
rocket and gamma-ray gauge. 

%he y distance is  measured from the source along a l i n e  perpendicular t o  the  major 
axis  of the  rocket. 
gamma-ray gauge. 

Refer t o  Fig. 1 fo r  a schematic drawing of the  rocket and 

"rhe re su l t s  given here were obtained with the  basic model described i n  Sec. 4.1 
with the  parameters given i n  Table 1. 
of t h e  atmosphere was taken as that f o r  air  at sea lwel and the  detector eff ic iency 
was taken as the  t o t a l  efficiency as given in Fig. 6. 

In addition the  composition and density 

47 



0.134 

0.134 

0.134 

0.134 

0.694 

0.694 

0.694 

0.694 

2.180 

2.180 

2.180 

2.180 

Table 6 

Gauge Response as a Function 
of Source- t o - D e t  ector Distance* 

Source-to-Detector Distance 
(4 

30.48 

42.23 

50.80 

60.96 

30.48 

42.23 

50.80 

60.96 

30.48 

42.23 

50.80 

60.96 

Predicted Relative Gaupe Response 

.117 

.082 

.067 

.055 

.118 

.084 

.068 

.056 

.118 

.084 

.068 

.056 

%e resul t s  given here were obtained with the basic model described i n  Sec. 4.1 
with the  parameters given i n  Table 1. 
atmosphere was  taken as that of a i r  a t  sea level and the  detector efficiency was 
taken as the t o t a l  efficiency given i n  Fig. 6. 

In addition the  composition of t h e  
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Table 7 

Mach No. 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

2.2 

2.6 

3.0 

4.6 

Predicted Effect of Shock Wave 
Density Perturbations on Gauge Response* 

Half 
Angle of Shock Wave 

(degrees) 

90.0 

62.5 

55.0 

49.2 

44.7 

41.0 

27.0 

22.7 

19.7 

13.2 

Average= 
Density 
Ratio 

1.000 

1.033 

1.034 

1.035 

1.036 

1.038 

1.058 

1.078 

1.103 

1.237 

Relative 
Predicted 

Gauge Response 

.19289 

.19501 

.19626 

.19659 

.19649 

.19602 

.19434 

.19362 

.19321 

.19297 

Error - 
e/o> 

0 

1.10 

1.75 

1.92 

1.87 

1.62 

.75 

-38 

.17 

.09 

T h e  r e s u l t s  given here  w e r e  obtained with the  basic  model described i n  Sec. 4.1 
and the  parameters given in Table 1. In addi t ion the  gamma-ray energy of t he  
source w a s  taken as 0.134 Mev, the detector  eff ic iency was taken as t he  t o t a l  
e f f ic iency  as given i n  Fig. 6, and t h e  atmospheric densi ty  and composition was  
taken as that of a i r  at  sea level. 

-is value i s  t h e  r a t i o  of t h e  ari thmetic average density in t h e  shock wave t o  
tihe densi ty  outside t h e  shock wave assuming t h a t  t h e  densi ty  in s ide  t h e  shock 
wave varies linearly with the  distance from t h e  rocket surface t o  t h e  shock wave 
interface.  
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Table 8 

Response t o  Gamma-Ray Wall 
Streaming as a Function of Source-to-Detector Distance* 

0.134 

0.134 

0.134 

0.134 

0.694 

0.694 

0.694 

0.694 

2.180 

2.180 

2.180 

2.180 

Source- t o-Det ect o r  
Distance 

(-1 

30.48 

42.23 

50.80 

60.96 

30.48 

42.23 

50.80 

60.96 

30.48 

42.23 

50.80 

60.96 

Predicted Response per 
U n i t  G a m a  Ray 

.1897 x 

.1897 x 

~ 9 0 4  

.6466 x 10-l' 

.2098 x 

.3725 x 10" 

.1147 x 10'' 

.3045 x 10-l0 

.26% 

.1220 x 

.9895 x 10-l' 

.3259 x 10-l' 

%e r e s u l t s  given here were obtained with the model described i n  Sec. 4.3 with the  
parameters given i n  Table 1. 
t h a t  fo r  discriminator se t t ings  of 90 and 155 Kev and a standard deviation of t he  
detector pulse height of 4.24%. 
discriminator se t t ings  of 80 and 150 Kev as given i n  Fig. 6. 

In addition the  detector efficiency was  taken as 

This efficiency i s  qu i t e  similar t o  that f o r  
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Table 9 

Predicted Prototype Gauge Response t o  Gamma Rays of l U C e  - lwCPr* 

Relative Response per Gamma-Ray Relative Response per 
Gamma-Ray Enerm unit Galuna Ray Abundance U n i t  Dis integrat ion 

MeV) 

0.134 ,5164 .300 .1m 

0.694 ~ 7 5 5  .020 .1151 x 

2. iao .6955 x loo7 -030 .2087 x lo’* 

+The r e s u l t s  given here  w e r e  obtained with t h e  model described i n  Sec. 4.1 with the  
parameters given i n  Table 1. 
atmosphere was taken as that of air  a t  sea level and the  detector  eff ic iency was 
taken as t h a t  f o r  discriminator se t t ings  of 90 and 155 Kev and a standard deviat ion 
of t he  detector  pulse  height of 4.24%. This eff ic iency is qu i t e  similar t o  that 
fo r  discriminator s e t t i ngs  of 80 and 150 Kev a s  given i n  Fig. 6. 

In addition t h e  composition and densi ty  of t he  
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Table 10 

Predicted Prototype Gauge Response t o  
Wall Scat ter ing i n  S tee l  Spheres with Diameters of 60 and 41 Feet* 

. 
I 

Sphere Diameter 

(feet) 

41 

41 

41 

41 

41 

41 

41 

41 

41 

60 

60 

60 

60 

60 

60 

60 

60 

60 

A i r  Densitp 
3 

(g/- 1 

. 0100 

.00129 

.00100 

.000700 

.000500 

.000300 

.000100 

.0000100 

. 00000100 

.0100 

.00129 

.00100 

.000700 

.0005 00 

.0003 00 

.000100 

.0000100 

.00000100 

Predicted Gauge Response 

per U n i t  Disintegration of lMCe  - l'Pr 

.23313 x ld6 

,54305 x 

.54811 x 

.54805 x 

.54367 x 

.53466 x ld6 

.51958 x 

.51039 x 

.50937 x 

.064881 x ld6 

.23800 x 

.24503 x 

.24957 x 

.24990 x 

.24680 x 

.23868 x 

.23280 x 

.23211 x loo6 

%e re su l t s  given here w e r e  obtained with the  model described i n  Sec. 4.2 fo r  t he  
parameters given i n  Table 1. I n  addition the  gama-ray energies and abundances 

used were  those for  l'Ce - 
atmosphere was tha t  of a i r  at  sea level, and the  detector efficiency was taken as  
tha t  f o r  discriminator se t t ings  of 90 and 155 Kev with a standard deviation of the  
detector pulse height of 4.24%. 
discriminator se t t ings  of 80 and 150 Kev as given i n  Fig. 6. 

as given i n  Table 9, t he  composition of t he  

This eff ic iency is  qui te  similar t o  tha t  fo r  

l -  

I 
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